Background
Introduction
Pseudomonas is a rod-shaped, aerobic, Gram-negative bacterium belonging to the family Pseudomonadaceae [1] . Pseudomonas aeruginosa easily adapts to the environment it inhabits and can also colonize and invade a human host to cause serious infections [2, 3] . P. aeruginosa isolates that cause infections are thought to express various virulence factors. This pathogen is one of the most common causes of pneumonia [4, 5] .
Risk factors for the development of infections caused by Pseudomonas include neutropenia, cystic fibrosis, severe burns, and foreign device installations [2, 3] . The general human population is refractory against infections caused by Pseudomonas species, but Pseudomonas species are physiologically highly flexible and able to act as opportunistic pathogens in humans with weakened immune systems [6] . P. aeruginosa causes life-threatening community-acquired pneumonia, nosocomial infections such as pneumonia, urinary tract infections, and bacteremia; and chronic lung infections in patients with cystic fibrosis [7] . The identification of the microbiological cause of a case of pneumonia is especially important for preservation of the sensitivity of bacteria to antibiotics and for regulation of drug therapy [7] .
Pneumonia due to Pseudomonas can be transmitted in hospitals by nursing staff, medical equipment, sinks, disinfectants, and food. Pseudomonas infections are a serious problem in hospitals for two reasons. First, patients who are critically ill can die from pneumonia caused by Pseudomonas. Second, the elimination of P. aeruginosa in patients with infections is very difficult because of its resistance to a variety of antibiotics [7] . P. aeruginosa currently shows resistance to the following antibiotics: penicillin G; aminopenicillin, including those combined with beta-lactamase inhibitors; first and second generation cephalosporins; piperacillin; piperacillin and tazobactam; cefepime; ceftazidime; aminoglycosides; the quinolones; and the carbapenems; as well as colistin and fosfomycin [8] . Therefore, distinguishing the trends in resistance of P. aeruginosa becomes important for choosing the right antibiotic because P. aeruginosa is the fourth most common cause of pneumonia [9] .
The increasing resistance of P. aeruginosa to numerous antibiotics, as a result of excessive antibiotic administration, is now leading to the accumulation of antibiotic resistance and cross-resistance between antibiotics and the appearance of multidrug-resistant (MDR) forms of P. aeruginosa [10] . The treatment of MDR P. aeruginosa pneumonia in critical patients is therefore becoming more of a challenge. These findings stress the importance of microbiologists providing clinicians with accurate information regarding the sensitivity patterns of antibiotics, so that clinicians can select an appropriate antibiotic for the timely treatment of infectious diseases while still helping to prevent the occurrence of resistance of P. aeruginosa to antibiotics.
For these reasons, the present investigation was conducted to identify antibiotics to which P. aeruginosa has developed resistance in the last 10 years. Data from the hospital database at the HELIOS Clinic, Witten/Herdecke University, in Wuppertal, Germany, were collected for all patients with pneumonia caused by P. aeruginosa and MDR P. aeruginosa who presented with clinical symptoms, such as cough with purulent sputum, shortness of breath, and fever; with elevated infection parameters in blood lab tests; and with evidence of infiltrates in chest X-rays, according to the International Classification of Diseases (ICD J15.1). The aim of this study was to determine the changes in antibiotic resistance according to susceptibility testing of tracheal or bronchial secretions and blood cultures of patients with community-acquired and nosocomial-acquired pneumonia caused by P. aeruginosa or MDR P. aeruginosa over a period of 10 years. Antibiotic use and failure of antibiotic treatment were monitored in the entire study population during the study period. Tackling pneumonia sooner with the correct choice of effective antibiotic against P. aeruginosa or MDR P. aeruginosa right from the start of treatment should shorten the duration of patients' suffering and the length of their hospital stays, as well as reduce patient mortality.
Material and Methods

Ethics Statement
This study was conducted in accordance with the approved institutional guidelines of the WittenHerdecke University in Germany. All patient data were anonymized prior to analysis. The Ethics Committee of the Witten-Herdecke University in Germany approved this study and all experimental protocols. Due to the retrospective nature of the study protocol, the Ethics Committee of the Witten-Herdecke University in Germany waived the need for written, informed consent.
Patients
This quality-control observational study retrospectively examined the resistance to antibiotics in patients with diagnosed community-acquired or nosocomial-acquired pneumonia triggered by P. aeruginosa or MDR P. aeruginosa. The data were collected from hospital charts at the HELIOS Clinic, Witten/Herdecke University, in Wuppertal, Germany, in the study period from January 1, 2004 to August 12, 2014. The outcomes of susceptibility testing were compared between patients with community-acquired and nosocomial-acquired pneumonia due to either P. aeruginosa or MDR P. aeruginosa. Thus, all patients with community-acquired pneumonia caused by P. aeruginosa or MDR P. aeruginosa constituted the study group, while the patients with nosocomial-acquired pneumonia caused by P. aeruginosa or MDR P. aeruginosa were the reference group. The study population with community-acquired and nosocomial-acquired pneumonia initiated by P. aeruginosa or MDR P. aeruginosa was mixed in terms of age. All patients over 18 years of age who had community-acquired or nosocomial-acquired pneumonia caused by P. aeruginosa or MDR P. aeruginosa were included in the study. diseases settings, and at the Division of Pulmonary, Allergy and Sleep Medicine at the HELIOS Clinic in Wuppertal. The HELIOS Clinic Wuppertal, located in the two districts of Barmen and Elberfeld in northern Germany, is a maximum care teaching hospital of Witten/Herdecke University in Witten, with 24 departments and 967 beds. It offers almost the entire range of medical services for about 50,000 inpatients and 100,000 outpatients per year. The majority of the patients with pneumonia were treated at the Division of Pneumology at HELIOS Clinic. The Division of Pneumology, Allergology, Sleep, and Respiratory medicine offers a total of 70 beds with intensive care as a special department for respiratory medicine in various forms of respiratory failure, sleep disorders, and a special focus on acute and chronic benign as well as malignant diseases of the respiratory system. All patients with nosocomial-acquired pneumonia caused by P. aeruginosa or MDR P. aeruginosa, but who were treated initially for other medical reasons in other departments, such as Internal Medicine and Surgery, were included in this study. Those with P. aeruginosa or MDR P. aeruginosa infection that led to other infections, such as urinary infection, urosepsis, gastroenteritis, and meningitis, were excluded from the study. All patients examined at the Department of Neurology who had been suspected of having pneumonia caused by P. aeruginosa or MDR P. aeruginosa were excluded from this study because of restricted access to their patient data.
Data collection
All patients admitted to this hospital during this study period who had a microbiological examination of tracheal or bronchial aspirates, blood cultures, and secretion of drainage performed for suspected pneumonia were included in this retrospective study. We routinely recorded the patient's age and sex, the number of tracheal or bronchial aspirates, blood cultures, or secretion of drainage collected, the result of the culture, the susceptibility and resistance of the isolates to commonly used antimicrobial agents, comorbidities from the hospital records, inflammatory markers from the blood laboratory values. Data from these records were subsequently entered into an Excel (Microsoft) spreadsheet.
Definition of Pneumonia
Pneumonia is an acute inflammation of the lung, primarily affecting the alveoli, which is usually caused by P. aeruginosa or MDR P. aeruginosa. Typical clinical symptoms of pneumonia include cough, chest pain, fever, and difficulty breathing. The diagnosis of pneumonia is performed by X-ray examination and sputum culture [11, 12] .
Community-acquired pneumonia caused by Pseudomonas is an acute infection of the lung parenchyma acquired from normal social contact within the community; this is in contrast to nosocomial-acquired pneumonia caused by Pseudomonas, which is acquired during hospitalization [11, 12] . The classification of pneumonia caused by Pseudomonas was made in each case, from 2004 to 2014, according to the latest edition of the ICD [13] .
The specific criteria used for the diagnosis of pneumonia were that all patients were hospitalized and exhibited the presence of new areas of infiltration on X-ray examination and new clinical symptoms, including at least two of the following: difficulty of breathing, fever > 38°C, sputum production, coughing, and leukocytosis (white blood cell count 10,000/μL).
Aspiration pneumonia was defined as a form of pneumonia caused by P. aeruginosa or MDR P. aeruginosa and triggered by aspiration of foreign bodies, or liquids and foods from the mouth, or vomited gastric contents, or gastric fluid. Aspiration pneumonia was diagnosed based on the medical history, clinical inspection, X-ray examination of the lungs, and finally through the bronchoscopy.
Tested Antibiotics
The sensitivity and resistance to the following antibiotics were tested against P. aeruginosa: piperacillin, piperacillin and tazobactam, cefepime, ceftazidime, imipenem, meropenem, ciprofloxacin, levofloxacin, gentamicin, tobramycin, amikacin, fosfomycin, and colistin.
The frequency of use of these antibiotics in clinical practice for the treatment of patients with pneumonia caused by P. aeruginosa or MDR P. aeruginosa was recorded. The frequency of testing of these antibiotics on an antibiogram after detecting microbial Pseudomonas was noted.
The empiric antibiotic therapy was the initial treatment of pneumonia before the specific bacterium P. aeruginosa or MDR P. aeruginosa was identified. It involved administration of commonly used antibiotics based on experience while waiting for the results of the susceptibility testing from the microbiology laboratory.
The inhibition zone diameter breakpoints used for P. aeruginosa were those recommended in the Clinical and Laboratory Standards Institute 2004 -2011 guidelines (CLSI, 2012) [14] ( Table 1) . A change from the CLSI guidelines to Europe-wide standards for susceptibility testing was possible in 2011 because the European Committee on Antimicrobial Susceptibility Testing set Europe-wide standards for susceptibility testing of antibiotics for almost all pathogens on which our tests are based (EUCAST, 2012 (EUCAST, -2014 [15] . These standards take more clinical and pharmacokinetic aspects of antimicrobial therapy into account. After 2012, therefore, the revised breakpoints based on the EUCAST guidelines were used in the susceptibility testing of each antibiotic (Table 1) .
Susceptibility testing
P. aeruginosa colonies from agar plates were suspended in Phoenix ID broth (Becton Dickinson, Heidelberg, Germany) to a 0.5 -0. 6 Susceptibility Testing (EUCAST) breakpoints 2012 -2014, was used for performing the antimicrobial susceptibility testing EUCAST [15] ( Table 1 ). The panel selected to perform the evaluation was NMIC/ID-76 for Gram-negative bacteria. The secondary method for susceptibility testing used was the disc diffusion method according to Kirby-Bauer [16] . Disc diffusion was used for screening reasons and in cases where carbapenemase activity had been ruled out, e.g. imipenem, meropenem, or ceftazidime resistance. Synergy testing or a metallo-beta-lactamase E-test was performed when Gram-negative bacterial isolates producing phenotypic metallo-beta-lactamase were suspected.
Multidrug-resistant P. aeruginosa
The criterion used in this study for defining MDR in P. aeruginosa was that P. aeruginosa was non-susceptible to 1 agent in 3 antimicrobial categories in the susceptibility testing of isolates from patients with community-acquired or nosocomial-acquired pneumonia. The antimicrobial categories considered in this investigation were: aminoglycosides; carbapenems; cephalosporins; gyrase inhibitors; penicillin + ß-lactamase inhibitors; epoxide; and polymyxin [17] .
Microbiology
Specimen sites outside the respiratory tract were not pertinent to this study. The isolates belonging to unique patients or repeat patient isolates were excluded. Bronchoalveolar lavage was applied in the context of a bronchoscopy. Tracheal secretions were also collected by fiberoptic bronchoscopy through aspiration into sterile 40 ml specimen traps (Argyle TM Specimen
Traps, Covidien Germany Ltd, Neustadt/Donau, Germany). Throat swabs were collected with a commercial cotton swab transport system (MEUS Srl 1 , Piove di Sacco, Italy) by rotating the swab with slight pressure on the palatal arch of patients with suspected pneumonia. The recovery of sputum was performed by expectoration into a 30 ml sterile sputum collection tube (Salivette 1 , SARSTEDT, Nümbrecht, Germany).
Microscopy examination of Gram stained material was conducted at 80 -1,000 fold magnification for at least five visual fields according to the criteria of Bartlett [18] .
Columbia Agar with 5% sheep blood (Becton Dickinson, Heidelberg, Germany) was incubated at 37°C for 24 to 48 hours as a general culture medium for the growth and discovery of Streptococcus pneumoniae, Streptococcus pyogenes, Staphylococcus aureus, Escherichia coli, and Shigella flexneri. BBL TM CHROMagar TM Orientation medium (Becton Dickinson, Heidelberg, Germany) was used for the detection of Enterobacteriaceae. The tested Enterobacteriaceae were Escherichia coli, Shigella, Klebsiella, Proteus mirabilis, Enterobacter spp., Citrobacter spp., and Serratia marcescens. BBL TM CDC Anaerobe 5% Sheep Blood Agar (Becton Dickinson, Heidelberg, Germany) was used for antimicrobial susceptibility testing for the general growth of anaerobes. The different Pseudomonas species were identified using MALDI-TOF Biotyper mass spectrometry (Bruker Daltonik Ltd Life Sciences & Chemical Analysis, Bremen, Germany) and the automated microbiology system PHOENIX (Becton Dickinson, Heidelberg, Germany) according to the CLSI guidelines [14] . 
Blood Cultures
At least 20 ml of blood was taken through venipuncture with a blood-collection needle (SafetyMultifly 1 , SARSTEDT, Nümbrecht, Germany) and injected into two specific media: BACTEC Plus Aerobic/F and Plus Anaerobic/F medium (BD, Becton, Dickinson and Company, Heidelberg, Germany).
Laboratory
The amounts of C-reactive protein (CRP) in human serum (the normal value is less than 6 mg/ L) was measured in lithium heparin SARSTEDT Monovette 1 4.7 ml (orange top) using a standard immunoturbidimetric assay on the COBAS 1 6000 INTEGRA system c 501 (Roche Diagnostics Ltd, Mannheim, Germany). Leukocyte counts (normal range 4,000 -10,000/μL) in the blood were generally measured as a routine part of the blood counts after blood collection in EDTA Monovette 1 (2.7 mL) by flow cytometry using the Sysmex 1 XE 2100 hematology analyzer (Sysmex Germany Ltd, Norderstedt, Germany).
Comorbidities
Comorbidities were analyzed in patients with pneumonia caused by P. aeruginosa or MDR P. aeruginosa. Comorbidity was considered as the presence of one or more additional disorders existing simultaneously with the primary disease. The additional disorder could be a behavioral or mental disorder. The length of the hospital stay was also assessed in patients with pneumonia caused by P. aeruginosa or MDR P. aeruginosa.
The number of deaths occurring during hospitalization was determined in the study group. The survival analyses were calculated using the Kaplan Meier method.
No experiments in this study were conducted on live vertebrates, including humans. All experiments were performed in accordance with relevant guidelines and regulations of the Witten-Herdecke University, Germany.
Statistical Analysis
The categorical data were expressed as proportions, while continuous data were expressed as means and standard deviations (SDs). The calculations were performed at 95% confidence intervals (CIs). A chi-square test was carried out for the three probabilities of sensitivity, intermediate sensitivity, and resistance to antibiotics used against P. aeruginosa or MDR P. aeruginosa and compared between community-acquired and nosocomial-acquired pneumonia. The chi-square test was also used to compare gender, comorbidities, morbidity, and the various detection methods for P. aeruginosa or MDR P. aeruginosa for the two probabilities between community-acquired and nosocomial-acquired pneumonia. One-way analysis of variance (ANOVA) for independent samples was performed to compare age differences, durations of hospital stays, and laboratory tests from the patients with pneumonia caused by P. aeruginosa or MDR P. aeruginosa. Two-tailed tests were performed, and a P value of < 0.05 was considered statistically significant.
Results
In the hospital database used in this study, 218 (3.1%) patients were found with pneumonia caused by P. aeruginosa (ICD J15.1). This is part of a total of 6,932 patients in all age groups with pneumonia caused by different types of bacterial pathogens, who had been treated at the HELIOS Clinic, Witten/Herdecke University, Wuppertal, Germany, during the study period of January 1, 2004 to August 12, 2014.
Fifty patients were excluded from this study. The reasons for the exclusion of these patients were that they had other infectious disease such as urinary infection, urosepsis, gastroenteritis, and meningitis caused by P. aeruginosa or that access to their patient data at the Department of Neurology was restricted. In addition, patients with pneumonia associated with P. aeruginosa who were younger than 18 years of age and were treated at the Department of Pediatric and Adolescent Medicine were excluded. Apart from these patients, no other patients were excluded from this study.
A total of 168 (2.4%) of 6,932 patients with a mean age of 68.1 ± 12.8 years [113 (67.3%) males and 55 (32.7%) females] with pneumonia caused by P. aeruginosa met the inclusion criteria for this trial. The patients were divided into categorical groups depending on the origin of their pneumonia caused by Pseudomonas. These groups were 79 (47%) patients with community-acquired, 77 (45.8%) with nosocomial-acquired pneumonia; and 12 (7.1%) with aspiration pneumonia. In general, the number of patients with community-acquired pneumonia due to P. aeruginosa was higher (91; 54.2%). The average age was higher in patients with nosocomialacquired pneumonia. Notably, no significant age difference was detected in any of the study groups. Likewise, no gender difference was found between the two study populations. The male sex was more likely to suffer from pneumonia caused by P. aeruginosa ( Table 2) .
The average length of the hospital stay was a few days longer for patients with nosocomialacquired pneumonia caused by P. aeruginosa, but the difference was not statistically significant ( Table 2) .
The mean values of CRP were slightly elevated in patients with nosocomial-acquired pneumonia, but the amount of CRP in the serum of patients with community-acquired pneumonia did not differ statistically from that of patients with nosocomial-acquired pneumonia caused by P. aeruginosa ( Table 2 ). The mean leukocyte counts were slightly increased in patients with community-acquired pneumonia, but they were not statistically different in patients with community-acquired and nosocomial-acquired pneumonia caused by P. aeruginosa ( Table 2) .
The susceptibility analysis for each antibiotic varied in this study because some isolates were examined by the automated microbiology system (Becton-Dickinson Diagnostic Systems, Sparks, MD, USA) and others by the disc diffusion method according to Kirby-Bauer. In general, a greater number of tests was performed on the automated microbiology system (Table 3) .
Excluding ceftazidime, no significant differences were noted with regard to the susceptibility testing values for any antibiotics for either sensitive, intermediate, or resistant samples determined from the antibiograms of the culture media from the patients with community-acquired compared to nosocomial-acquired pneumonia caused by P. aeruginosa (Table 3 ). P. aeruginosa Table 2 . Comparison of demographic data, length of hospitalization, and laboratory tests between patients with community-acquired and nosocomial-acquired pneumonia due to Pseudomonas aeruginosa. Abbreviations: CRP: C-reactive protein; SD: standard deviation.
Community-acquired pneumonia (n = 91) (%)
Nosocomial-acquired pneumonia (n = 77) (%) showed a high resistance rate toward ceftazidime, especially in patients with nosocomialacquired pneumonia, where the difference was statistically significant (P = 0.046) ( Table 3) . The most-used antibiotics for the treatment of patients in this study with communityacquired and nosocomial-acquired pneumonia caused by P. aeruginosa were a combination of piperacillin and tazobactam; imipenem; and ciprofloxacin (Table 3) . P. aeruginosa showed the highest resistance to fosfomycin (Table 3) .
Ciprofloxacin was the most frequently changed antibiotic in the treatment of patients with pneumonia based on the antibiotic resistance pattern (Table 3) . When necessary, empiric antibiotic therapy was changed; failure of antibiotic treatment was not reported in all patients with pneumonia caused by P. aeruginosa. P. aeruginosa also had a high resistance to ciprofloxacin, levofloxacin, ceftazidime, piperacillin, imipenem, piperacillin and tazobactam, tobramycin, gentamicin, and meropenem (Table 3) .
P. aeruginosa showed no statistical difference in resistance to colistin in either communityacquired or nosocomial-pneumonia (P = 0.574; Table 3 ); it was completely susceptible in both patient populations (100% Table 3 ). Nevertheless, a low amount of colistin (5.4%, Table 3 ) was examined in the antibiograms after the detection of P. aeruginosa in the culture media from tracheal secretions in patients with pneumonia.
Resistance to antibiotics has increased significantly in patients with pneumonia due to P. aeruginosa over the past years (Fig 1) . A peak value of antibiotic resistance was reached for ciprofloxacin (15%), and levofloxacin (14%) in relation to the total sum of 100 cases of all antibiotic resistances in 2010 (Fig 1) . In the present study, P. aeruginosa was most susceptible to the following antibiotics, in order of decreasing effectiveness: cefepime, amikacin, ceftazidime, tobramycin, the combination of piperacillin and tazobactam, meropenem, imipenem, piperacillin, ciprofloxacin, gentamicin, and fosfomycin (Table 3 ). The ratio of the highest sensitivity of an antibiotic was determined by the amount of each antibiotic that was actually tested.
P. aeruginosa responded to levofloxacin in susceptibility testing as follows: sensitive (39.6%), intermediate (29.9%), and resistant (30.6%) (Table 3) . Therefore, levofloxacin appeared to be poorly effective against P. aeruginosa for either community-acquired or nosocomial-acquired pneumonia in this study (P = 0.440, Table 3 ).
P. aeruginosa was most frequently detected in tracheal secretions in both communityacquired and nosocomial-acquired pneumonia, with statistical significance (P = 0.034, Table 4 ).
The tracheal and bronchial secretions of patients with pneumonia caused by Pseudomonas were sent to the Department of Microbiology at the HELIOS Clinic in Wuppertal, Germany, for further investigation of the microorganisms present in the secretions (Table 4 ). All Pseudomonas species discovered were from isolates of P. aeruginosa in patients with pneumonia (Table 4) .
The most frequently discovered acute comorbidity was cardiac arrhythmia in patients community-acquired and in nosocomial-acquired pneumonia caused by P. aeruginosa (Table 5 ). The most common chronic comorbidity was chronic obstructive pulmonary disease in patients with community-acquired and hypertension in nosocomial-acquired pneumonia (Table 5) .
A comparison of the data of patients with community-acquired compared to nosocomialacquired pneumonia due to MDR P. aeruginosa revealed no significant differences in the demographic data, length of hospital stay, obtaining of the samples, and the number of leukocytes in the plasma (Table 6) . A particularly noticeable effect was the elevated CRP in the plasma of patients with nosocomial-acquired pneumonia due to MDR P. aeruginosa (P = 0.046, Table 6 ).
When compared with P. aeruginosa pneumonia, a greatly increased antibiotic resistance of MDR P. aeruginosa was found, in decreasing order, for: fosfomycin, ciprofloxacin, levofloxacin, ceftazidime, piperacillin, imipenem, tobramycin, piperacillin-tazobactam, meropenem, cefepime, gentamicin, and amikacin ( Table 7) . As in the cases of P. aeruginosa pneumonia, the MDR P. aeruginosa pneumonia was completely susceptible to colistin, although the number of examined cases of colistin in the antibiograms of patients with pneumonia was relatively low (Table 7) . Anemia and chronic obstructive pulmonary disease were the most common comorbidities in patients with community-acquired pneumonia due to MDR P. aeruginosa (Table 7) . Anemia and cardiac arrhythmia were the most common acute comorbidities in patients with community-acquired pneumonia due to MDR P. aeruginosa, and acute respiratory failure in nosocomial-acquired pneumonia patients caused by MDR P. aeruginosa. Chronic obstructive Table 4 . The various detection methods used and species of Pseudomonas aeruginosa in patients with community-acquired and nosocomialacquired pneumonia. Note: Significant P values are shown in bold.
Specimen
Community-acquired pneumonia (n = 91) (%) Nosocomial-acquired pneumonia (n = 77) (%) P value pulmonary disease was the most common chronic comorbidity in patients with communityacquired pneumonia and hypertension in patients with nosocomial-acquired pneumonia due to MDR P. aeruginosa (Table 6) . A total of 33 (19.6%) deaths occurred: 14 (15.4%) patients died from community-acquired pneumonia caused by P. aeruginosa and 2 (7.4%) due to MDR P. aeruginosa. Most deaths were in the group with nosocomial-acquired pneumonia caused by P. aeruginosa. Nineteen (24.7%) patients died from nosocomial-acquired pneumonia caused by P. aeruginosa and 4 (28.6%) due to MDR P. aeruginosa. Overall, 9.3% more deaths occurred due to nosocomial-acquired pneumonia caused by P. aeruginosa (P = 0.188) and 21.2% more deaths occurred due to Table 5 . Acute and chronic comorbidities in patients with community-acquired compared to nosocomial-acquired pneumonia caused by Pseudomonas aeruginosa. Comorbidities were only considered if they were more than 10% in one of the groups, even if they were less than 10% in the other group. Note: Significant P values are shown in bold.
Organ systems
Acute and chronic comorbidities Community-acquired pneumonia (n = 91) (%)
Nosocomial-acquired pneumonia (n = 77) (%) Pneumonia Caused by Pseudomonas Table 6 . Comparison of demographic data, length of hospitalization, laboratory tests, specimens, and acute and chronic comorbidities between patients with community-acquired and nosocomial-acquired pneumonia due to multidrug-resistant Pseudomonas aeruginosa. Abbreviations: CAP: community-acquired pneumonia; NAP: nosocomial-acquired pneumonia; SD: standard deviation.
Multidrug-resistant Pseudomonas
CAP (n = 27) (%) NAP (n = 14) (%) Table 7 . Drug sensitivity and drug resistance in different drug groups of patients with community-acquired compared to nosocomial-acquired pneumonia caused by multidrug-resistant Pseudomonas aeruginosa.
Abbreviations:
CAP: community-acquired pneumonia; NAP: nosocomial-acquired pneumonia; MDR Pseudomonas: multidrug resistant Pseudomonas.
Note:
Significant P values are shown in bold. Pneumonia Caused by Pseudomonas nosocomial-acquired pneumonia due to MDR P. aeruginosa (P = 0.176), but these differences were not statistically significant. Thus, the survival rate in this study was significantly lower in patients with nosocomial-acquired pneumonia caused by P. aeruginosa, at 75.3% (95% CI 64.2% -86.4%), and MDR P. aeruginosa, at 71.4% (95% CI 43.4%-98.4%), compared to those with community-acquired pneumonia caused by P. aeruginosa, at 84.6% (95% CI 76.6% -92.7%), and MDR P. aeruginosa, at 92.6% (95% CI 82.3%-102.9%).
Discussion
During the ten years of this qualitative control observational study, not all antibiotics were tested with the same frequency, either manually or with the Phoenix automated system, after microbiological isolation of P. aeruginosa isolates from respiratory specimens of patients with pneumonia at the Department of Microbiology.
Fosfomycin is an effective treatment of uncomplicated urinary tract and gastrointestinal infections against both Gram-positive and Gram-negative bacteria. Therefore, fosfomycin has recently been recommended as an intensive care treatment for P. aeruginosa pneumonia in patients with chronic respiratory diseases [20, 21] . However, the present study revealed a high resistance of P. aeruginosa to fosfomycin after examining the antibiograms of patients with pneumonia.
Surprisingly, the antimicrobial susceptibility testing of the P. aeruginosa isolates from the tracheal secretions performed in this study also revealed that colistin was the only antibiotic that showed no resistance over the years, although the number of P. aeruginosa isolates tested for colistin was rather low. Nevertheless, colistin has been increasingly used for the treatment of multi-resistant Gram-negative infections. Little recent data are available regarding the susceptibility of Gram-negative bacteria to colistin, in part because susceptibility testing for colistin remains problematic and also because the use of colistin is not widespread. Colistin resistance is uncommon in Enterobacteriaceae. The results of a previous study, as well as the present one, indicate that susceptibility testing should be performed each time the clinical use of the colistin is considered [22] .
Another past study that evaluated the in vitro activity of colistin in isolates of Gram-negative bacteria using Clinical and Laboratory Standards Institute broth micro-dilution methods reported that all MDR P. aeruginosa isolates were susceptible to colistin. These data support a role for colistin in the treatment of infections caused by MDR P. aeruginosa [23] . However, the emergence of resistance during monotherapy is a concern, so colistin should be combined with other treatments for P. aeruginosa pneumonia. This practice should be advocated especially in multidrug-resistant cases. Combination regimens could include imipenem, meropenem, aztreonam, piperacillin, ceftazidime, or ciprofloxacin, but none of these regimens have shown any improved outcome in clinical studies [24] . Prolonged colistin exposure (e.g., 2 weeks or longer) may be a prerequisite for resistance development in particular P. aeruginosa strains. Ciprofloxacin might not be a wise empiric therapy choice, especially in critical infections, due to its rising resistance (24% or higher), as was observed in the present study over the years.
In contrast to the data in the literature, P. aeruginosa caused more community-acquired pneumonia than nosocomial-acquired pneumonia in the current study [25] . Due to the high resistance of P. aeruginosa to levofloxacin, a combination therapy of levofloxacin with gentamicin is recommended for the treatment of pneumonia caused by P. aeruginosa [26] . P. aeruginosa showed no effect of levofloxacin in susceptibility testing in this study. Therefore, levofloxacin is not recommended as a monotherapy for the treatment of pneumonia due to Pseudomonas.
Until now, ceftazidime was held as the most effective antibiotic among the cephalosporin group for the treatment of pneumonia due to P. aeruginosa [27] . However, ceftazidime showed low activity against Pseudomonas in the present investigation.
A past study found a similar resistance of P. aeruginosa to piperacillin to that found in the present study [28] . In general, piperacillin has the broadest spectrum of activity of all penicillins against Pseudomonas. However, the combination therapy of piperacillin with a β-lactamase inhibitor tazobactam to improve the effectiveness revealed an increased resistance of P. aeruginosa to even this combination of antibiotics in the present study. This antibiotic combination is often used for the treatment of severe pneumonia due to P. aeruginosa in critically ill patients [29] . However, treatment with piperacillin-tazobactam is now controversial due to the reduced susceptibility of Pseudomonas [30] . A reduced effectiveness of piperacillin-tazobactam, which was the most commonly used antibiotic and the most frequently tested on patient antibiograms, was also observed in patients with pneumonia due to P. aeruginosa in the present study.
Due to their very broad spectrum of activity, carbapenems are also effective against P. aeruginosa. Therefore, imipenem and meropenem are beneficial antibiotics for the treatment of pneumonia due to P. aeruginosa. However, metallo-β-lactamases hydrolyze this antibiotic class quite efficiently [31] . Therefore, immediate detection of metallo-β-lactamase-producing P. aeruginosa is essential for accurate treatment of pneumonia caused by this bacterium. Development of carbapenem resistance was also evident for pneumonia due P. aeruginosa in this study.
Tobramycin has a narrow spectrum of activity, but it is often used to eliminate P. aeruginosa in patients with cystic fibrosis [32] . This aminoglycoside antibiotic is commonly used to treat different Gram-negative bacteria [33] . It is principally effective against P. aeruginosa. Despite the antipseudomonal effectiveness of tobramycin, an increased resistance of P. aeruginosa to tobramycin was evident in the susceptibility testing performed in the present study.
An increased resistance of P. aeruginosa to gentamicin was also seen in this study. This antibiotic is often used clinically in combination with beta-lactams or cephalosporins for the treatment of serious pneumonia caused by P. aeruginosa [34] .
Cefepime is one of the few antibiotics described to have constant antipseudomonal activity over the years, although publications on cefepime resistance are growing in number in recent years [35, 36] . An increasing resistance of P. aeruginosa to this cephalosporin was also detected in the present investigation.
Amikacin has activity against P. aeruginosa, but the combination of cefepime and amikacin was reported as more effective than cefepime monotherapy in the treatment of nosocomialacquired pneumonia due to P. aeruginosa [37] . Although this antibiotic showed the lowest resistance among the examined antibiotics, a resistance of P. aeruginosa to this aminoglycoside was noted in the present study.
Unfortunately, pneumonia due to Pseudomonas is becoming more challenging to treat because of growing antibiotic resistance. An increase in the incidence of MDR P. aeruginosa pneumonia was also observed over the years in this study. The precise incidence of MDR P. aeruginosa is not known [38] , but several reasons probably explain its appearance. First, a discrepancy may have arisen due to different definitions of MDR P. aeruginosa used in the past studies [39] . The definition of the resistance of MDR P. aeruginosa ranges in the literature from one antibiotic to all tested antibiotics [39] . Furthermore, no international monitoring systems have been established for MDR P. aeruginosa [38] . The monitoring of the exact prevalence of MDR P. aeruginosa is further complicated by the annual variation in prevalence in different geographical areas [38] .
The average age of patients with MDS P. aeruginosa pneumonia in the present study was slightly higher compared to P. aeruginosa. The elderly population is particularly vulnerable to Pseudomonas pneumonia as a result of increased comorbidities such as diabetes mellitus and chronic lung diseases [40] . These two diseases were increasingly seen in elderly people with MDR P. aeruginosa pneumonia in the present study. A meta-analysis of data from past studies demonstrated a statistically non-significant increased risk of mortality in patients with pneumonia due to resistant P. aeruginosa [41] . An increased mortality of patients with pneumonia due to MDR P. aeruginosa was also noticed in this study. Similar to the results reported in an earlier study [42] , MDR P. aeruginosa was increasingly discovered in male patients with pneumonia in the present study, although no significant statistical difference was noted between the sexes in either study.
The levels of CRP were elevated in the plasma of patients with pneumonia caused by MDR P. aeruginosa in the present study. The CRP level used as a follow-up parameter for pneumonia in addition to the clinical parameters. The monitoring of pneumonia with CRP has been validated as a follow-up during treatment of pneumonia with antibiotics [43] .
Study Limitations
This study describes the situation of P. aeruginosa resistance in a single hospital, so the results cannot be generalized to other geographic locations. The data in this study are mainly relevant for this single institution. Evaluation of the study findings revealed that not all antibiotics were tested with the same frequency in the antibiograms of patients with pneumonia caused by P. aeruginosa. This study was unable to clarify whether all of these antibiotic substances had been tested on each antibiogram or had been detailed in the diagnosis of susceptibility testing.
Conclusions
Single-drug or multidrug resistance in P. aeruginosa isolates is an everyday reality for laboratories and hospitals and evidence is growing regarding the ability of certain resistant clones to spread by cross-transmission. This study represents an attempt to cover resistant infections from a small evidence base and with the threat of limited new drugs in the pipeline. All patients with pneumonia caused by P. aeruginosa showed resistance to various antimicrobial agents. Few P. aeruginosa isolates were fully susceptible to colistin. This finding points to the importance of studying the median duration of antimicrobial treatment in correlation to low mortality rates in pneumonia patients and of intensifying these trials in terms of differences in empiric therapy and definitive therapy as single drugs or in combination. Further studies should focus on better administration of the existing antibiotic armamentarium, along with antimicrobial stewardship programs, and should fully support the quest for new antibiotics.
Author Contributions
Conceived and designed the experiments: JY. Performed the experiments: JY. Analyzed the data: JY. Contributed reagents/materials/analysis tools: JY. Wrote the paper: JY. Microbiological testing: BG. Proofread the manuscript: BG KR.
